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We performed a series of experiments to determine the effect of operating conditions upon current efficiency of metal dissolution with sodium nitrate electrolyte. We explored the conditions of current density, chromium content of the electrolyte, NaNO, concentration, initial pH, and stirring rate. Also, by varying dissolution times, we were able to investigate the quality of surface finish at similar levels of total metal removal.
In addition, we explored the relative dissolution rate on weld zones. To quanhfy the effect of enhanced mass removal, we conducted tests with the weld zone both shielded and unshielded. Our attention was focused on total mass removal, current density, and preferential mass dissolution. Significantly more mass removal was observed on the rim of the cans at the two places where the end caps are welded to the cylindrical component than over the remainder of the can surface.
EXPERIMENTAL APPARATUS AND PROCEDURES
Tests were performed with 304 SS rods with three slightly different compositions. Test series from these specimens are designated as SA, SB, and SC.
To perform beaker tests, we used an AFCBPITM bipotentiostat made by Pine Instruments. The working electrodes were constructed by two methods. For series SA tests, we potted a l/B-in. 304 SS rod in epoxy. We found that the surface area of the end of the rod was insufficient to obtain accurate weight-loss measures. Subsequently, in series SB and SC we mounted 1 /4-in. 304 SS rods in a tightly sealed TeflonTM tube, as shown in Fig. 1 We polished the electrode surface wet on an 8-in. wheel. The electrodes were held during polishing in a specially made 304 SS tube filled with epoxy and with a 1 /4-in.
hole through the middle that held the electrode perpendicular to the polishing surface.
After an initial coarse grinding step with a 240-grit abrasive disk, we used abrasive disks with grits of 400,600, and 800, culminating with the use of 1200-grit disk that yielded a reflective surface.
Next, the sample was weighed and mounted in the TEFLONTM holder. We filled a 250-ml beaker with 100-ml of electrolyte. Then we placed the electrode assembly 0.5 in. away from a 1-in.-long stirring rod. Next, we placed the counter electrode and pH probe on the side of the beaker. The tip of the reference electrode was placed as close to the working electrode as possible. We monitored the rotation rate of the stirring bar. For instance, at a setting of 2 we obtained a rotation rate of 80 rpm. As the stirrer warmed up, we readjusted the rate to 80 rpm. By varying the stirring rate and observing the surface finish, we found that the solution agitation was an important variable in the electropolishing regime.
Mill specifications for electrodes used in series SB and SC tests are given in Tables I and  11 . Sample SC appears to be significantly harder. It contains a higher carbon content, tensile strength, yield stress, and lower elongation at failure. 
Weld Zone Electrodissolution
The relative dissolution rate of weld zones compared with the dissolution rate for the remainder of the can was obtained by first testing a can at a given voltage and measuring the weight loss. We then covered the welds with epoxy and reran the test at the same potential and time. Differences in dissolution indicated losses from the weld zone.
We constructed the cans by fusion welding end caps onto a 4.4-in. diameter by 9.3-in.-long 304 SS tube. We conducted the tests with a solution of sodium nitrate at a concentration of 260 g/L, a total current of 40 A, and for a 30-min-per-test run.
Test parameters are summarized in Table 111 . 
20-40'c
We placed the cans in a fixture that allows the electrolyte to circulate in a closed loop. A more comprehensive description of the fixture set-up and the results of previous tests is given by Martinez.2 The fixture forms a concentric cylinder with the can. Insulating spacers are used to maintain a constant gap between the can and the fixture. Current is applied to the can through electrical conductors on both end caps. The can acts as the anode and the fixture acts as the cathode. Solution is introduced at the fixture's lower end cap, flows along the can surface, then leaves the fixture through the end cap on the opposite end. The flow path of the solution is from a reservoir to a centrifugal p a p , to the decontamination fixture, and back to the reservoir. The reservoir is open to the atmosphere to allow purging of gases produced during electrolysis.
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The procedure for each test run was as follows: The following parameters remained constant in the tests we ran: current density, test duration, flow velocity, and solution concentration. After each run we recorded mass removal.
CHEMISTRY AND CALCULATIONS
During electrodissolution of 304 SS, decontamination occurs at the anode. Competing anodic reactions are oxygen evolution and reoxidation of chromium that had been reduced at the cathode. Hydrogen evolution is the primary reaction at the cathode. Side reactions include chromium reduction and nitrate reduction. Reactions are given below.
If the pH is greater than 6.5, chromate ions are the predominate hexavalent chromium species present.
At the anode the following reactions occur: Tables IV(a) , (b), and (c).
Side reactions at the cathode can make the electrolytes more alkaline. This is particularly true for reaction 4(b), as pointed out by John H~a n g .~ When the cathode is the same size as the anode, reaction 4(b) dominates over reaction l(c) and the solution becomes more alkaline in nitrate solutions. Since the cathode area is 40 times greater than the anode, reaction l(c) dominates pH changes in the beaker experiments.
Current efficiency at the anode may be defined as the ratio of current that oxidizes the electrode [reactions l(a-c)] to the total current passed by reactions l(a-c) and reactions 2(a,b). Based upon alloy composition and dissolution of Fe, Ni, and Cr to the +3, +2, and +6 valence states, 6 106 ampere-seconds (coulombs) are equivalent to 1 g of 304 SS. If 16 000 ampere-seconds are passed to dissolve 1 g of alloy, the current efficiency is 0.38 or 38%. Thus, 62Y0 of the current is used to produce oxygen and oxidize CF3 if present.
Once the current efficiency is known for a set of conditions, total mass removal may be calculated as:
where h is the current efficiency and S is the electrode surface area. 
RESULTS
The conditions that we explored were current density, chromium content of the electrolyte, NaN03 concentration, initial pH, and stirring rate. Tables IV(a), (b), and (c) give operating conditions, total metal weight loss, and calculated current efficiency. Microscopic observations are also described.
Current Efficiency for Dissolution
Review of Tables IV(a), (b), and (c) indicates that current efficiency is most dependent upon current density and sodium nitrate concentration. As the current density increases, the current efficiency rises to 100% at high electrolyte concentration (Fig. 2) .
Values greater than 100% reflect the &5% error in weight measurements that were input to current efficiency calculations. Because the current efficiency calculation assumes a solution valence state for each metal species, dissolution to a lower valence state can also yield current efficiencies greater than 100%. No oxygen evolution is observed at 100% current efficiency. At greater than 1 A/cm2, electropolishing becomes apparent at the edge of the electrode where the local current density is highest.
We also observed that the current efficiency is lower for lower electrolyte concentrations. At 34 g/L, which corresponds to 0.4 M, the current efficiency is about 10%. This is approximately the same ionic strength as the 0.2 M Na2S04 solution that we are currently exploring.
Early work by Hoare and others on the properties of passive films helps to explain a lower current efficiency at lower ionic ~t r e n g t h .~ A good protective film is an electronic conductor that allows passage of current only by oxidizing water to oxygen gas. The ion-replacement model suggests that when the oxide matrix is attacked by anions, it exhibits ionic conductivity that results in metal dissolution; thinning of the oxide layer was also r e p~r t e d .~ Thus, higher current densities associated with higher field gradients across the passive layer will increase anion penetration and dissolution. Higher anion concentrations will also increase the rate of attack and thus the current efficiency for metal dissolution. We explored the effect of chromium content of the electrolyte upon current efficiency (Fig 3) . Earlier work by Childs and Winkel showed a decrease in current efficiency with increased chromium content of the electrolyte. 6 We were interested in confirming trends for our concentration range and current densities. Therefore, we explored chromium concentrations up to 12.5 g/L. These concentrations correspond to cleaning 10 cans with a system electrolyte volume of 4.5 L.
At 0.05 A/cm2, the current efficiency dropped by more than 50%. At high current densities, we saw little change in current efficiency with concentration. Results at higher current density agree with those of Childs and Winkel.6 Because Cr(OH), is insoluble in alkaline solutions, chromium oxidation back to the CP6 at the anode may not be responsible for the loss in current efficiency. Instead, formation of a chrome-rich oxide layer that improves electronic conductivity of the oxide layer, may enhance oxygen evolution. Because a low current density is all that is currently obtainable in the can decontamination work, greater attention needs to be paid to the chromium content of the electrolyte than we had previously thought. Predicted efficiencies in contrast to the actual current efficiencies are plotted in Fig. 4 . The scatter in the fit indicates the error in weight measurements that was especially apparent in data from series SA. Chromium concentration and pH were initially included in the correlation but they did not improve the fit significantly. For instance, when chromium concentration was added, the F-ratio actually went down; indicating that the better fit did not jus* including the additional parameter.
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Tables V(a) and (b). Statistical Significance of the Correlation Between Current Efficiency and Independent Variables
Wedman et al. also found that higher current densities and electrolyte concentrations increase current efficiency.l Because Wedman et al. explored a wider pH range, they observed higher current efficiencies in acidic solutions. In contrast, because we investigated a narrower pH range, we saw little effect.
SURFACE PROPERTIES
We took surface micrographs of each electrode at 200 times magnification and ran samples for sufficient time so that a similar average metal removal was obtained for each sample. Thus, micrographs have a common basis. Because current densities are higher at the edge of the samples than in the middle, two pictures were taken for each specimen.
In order to quantlfy the variation in current density across the electrode surface, Newman solved the applicable set of equations for the current distribution across a rotating disk ele~trode.~ The electrode configuration applied in this study has the same geometry as a rotating electrode. If the current distribution is determined only by solution resistance, the current density at the center of the circle is half the average and approaches infinity at the edge. Both kinetic resistance and mass-transfer limitations create a more uniform current distribution. kinetic resistance is charge transfer coefficients, exchange current density, A/cm2, electrode radius, cm, solution conductivity, S/cm, Faraday constant (96 500 C/g-equiv), ideal gas constant, and temperature, K.
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As J becomes larger, the current distribution becomes more nonuniform. For the following discussion, greater current density variations are expected for more reversible surface reactions on larger electrodes in more dilute electrolytes. At this time, measurements of a and io are not available to evaluate Eq. 7.
Surface observations are discussed below at three current densities: 0.05,0.3, and 3.1 A/cm2. Generally, these three levels summarize the full range of behavior that we observed.
Current Density of 0.05 A/cm2
Etching characteristics at 0.05 A/cm2 are summarized in Fig. 5 . For 200 g/L NaNO,, 
Current Density of 0.3 Ncm2
When the average current density increases to 0.3 A/cm2, pitting increases markedly. In addition, surface etching appears to decrease because surface scratches from polishing become more apparent [ Fig. 6(a) ]. As stirring decreases, pitting becomes widespread [ Fig. 6(b) ]. As the electrolyte concentration decreases from 600 to 200 g/L, surface etching is enhanced [ Fig. 6(c) ], but at the expense of lower current efficiency (30% compared with 100%). Finally, a pH change from 7 to 10 appears to have little effect upon surface appearance [ Fig. 6(d) ].
Current Density of 3.1 A/cm2
At high current densities, a classical electropolishing regime is attained. Datta and Landolt also found that electropolishing in nitrate solutions required high current densities.s It is generally accepted that classical electropolishing develops when a salt f i l m is formed on the electrode surface. Salt film occurs at lower current densities in phosphate electrolytes with low solubility of iron phosphate. Lower mass transport and lower temperatures also tend to encourage salt f i l m formation.
Characteristics of electropolishing are seen in Fig. 7(a) . A mirror-like finish is produced. Under some conditions, preferential dissolution at grain boundaries is apparent, along with the formation of shallow hemispherical pits [ Fig. 7(b) ]. Electropolishing is also characterized by a current efficiency of unity. Stirring affects electropolishing by the following mechanism. An increase in stirring improves mass transport from the electrode surface. When the ferric nitrate falls below saturation, the salt film dissolves and electropolishing ceases.
A higher electrolyte concentration favors electropolishing in two ways. According to Eq. 7, a higher conductivity will increase the current density at the middle of the sample for the same average current density. 
Weld Zone Electrodissolution
We observed that approximately twice as much material was removed from the cans with exposed weld zones. The exposed weld zones were attacked very aggressively and the resulting surface texture was highly pitted. The affected weld zones were approximately 1/4-in. wide along the rim of the cans. This corresponds to half of the mass removed from about 6% of the total surface area.
Material removal from the can surface appeared to be in the etching mode. The mass dissolution rate from the can surface was 0.036 mg/cm2/min compared with 0.547 mg/cm2/min along the weld zones. For the duration of our tests, the trend for mass removal as a function of time for both conditions was linear. Test results are summarized in Fig. 8 . Current efficiency for the tests with shielded weld zones was about 9% compared with 17"/0 when the welds were exposed. Both values are lower than 20-30 % current efficiency seen in beaker tests at approximately the same current density and concentrations. The reason for the difference between the two test configurations is unclear.
The mechanism for enhanced mass removal on the weld zone is not completely understood. However, based on beaker tests with coupons of similar geometry, we believe that the change in the electric field at the comer is not a sigmfxant factor. It appears that the metallurgy of welded regions leads a higher surface energy which improves dissolution kinetics.
IMPLICATIONS
We explored a wide range of operating parameters for the nitrate system. Classical electropolishing is only reached in the nitrate system at current densities above 1 A/cm2. Because of the large area of the cans (-1000 an2) and limited power feedthroughs generally available in gloveboxes, the corresponding currents do not appear to be practical.
We obtained the next-best finish at approximately 0.05 A/cm2 at lower electrolyte concentrations. While we obtained reasonable finishes, preferential attack at the welds is apparent. Another concern we had with the nitrate system is the added complexity of an electrolytic method to reduce CP6 for removal. Ferrous sulfate or sodium bisulfite may be used in the sulfate system without contamination of the electrolyte. In contrast, chemical reducing agents in the nitrate system contaminate the electrolyte.
Concurrent to our development work on the nitrate system, the sulfate system was being explored under the direction of the Laboratory's Doug Wedman. Tests using the sulfate system show that a 0.2-M (26.4 g/L) solution does not show preferential attack of weld zones. In addition, numerous chemical reducing agents for chromium are available that do not contaminate a sulfate bath. Therefore, we recommend that the sulfate electrolyte system be developed further.
